Abstract It is commonly believed that T cells have diYculty reaching tumors located in the brain due to the presumed "immune privilege" of the central nervous system (CNS). Therefore, we studied the biodistribution and antitumor activity of adoptively transferred T cells speciWc for an endogenous tumor-associated antigen (TAA), gp100, expressed by tumors implanted in the brain. Mice with pre-established intracranial (i.c.) tumors underwent total body irradiation (TBI) to induce transient lymphopenia, followed by the adoptive transfer of gp100 25-33 -speciWc CD8 + T cells (Pmel-1). Pmel-1 cells were transduced to express the bioluminescent imaging (BLI) gene luciferase. Following adoptive transfer, recipient mice were vaccinated with hgp100 25-33 peptide-pulsed dendritic cells (hgp100 25-33 / DC) and systemic interleukin 2 (IL-2). This treatment regimen resulted in signiWcant reduction in tumor size and extended survival. Imaging of T cell traYcking demonstrated early accumulation of transduced T cells in lymph nodes draining the hgp100 25-33 /DC vaccination sites, the spleen and the cervical lymph nodes draining the CNS tumor. Subsequently, transduced T cells accumulated in the bone marrow and brain tumor. BLI could also detect signiWcant diVerences in the expansion of gp100-speciWc CD8 + T cells in the treatment group compared with mice that did not receive either DC vaccination or IL-2. These diVerences in BLI correlated with the diVerences seen both in survival and tumor inWltrating lymphocytes (TIL). These studies demonstrate that peripheral tolerance to endogenous Electronic supplementary material The online version of this article
Introduction
Malignant tumors that develop within the conWnes of the "immune privileged" CNS present clinicians with few treatment options. Immunotherapy is theoretically appealing because it oVers the potential for a high degree of tumor-speciWcity, while sparing normal brain structures [37, 49] . Several diVerent laboratories have demonstrated that eVective immune responses within the CNS can be generated through the use of gene-modiWed tumor cell vaccines, the adoptive transfer of immune T cells, or the use of dendritic cells (DC)-based vaccines [37] . These results imply that systemic immunity can safely enter the "immunologically privileged" CNS, selectively identify tumorassociated antigens, and destroy brain tumor cells. However, little is known about the migration patterns of tumor-speciWc T cells when targeting CNS tumors.
Adoptive transfer of tumor antigen-speciWc T cells has resulted in the highest response rates reported in patients with metastatic melanoma, including isolated metastases to the brain [9, 10] . Pre-clinically, the Pmel-1 TCR transgenic murine tumor model recapitulates many features of the clinical experience and is particularly suitable, because the TCR transgenic T cells are speciWc for a self-antigen, as opposed to a strong xenoantigen. Pmel-1 T cells bear a transgenic TCR that recognizes the gp100 [25] [26] [27] [28] [29] [30] [31] [32] [33] H-2D b -restricted epitope of the melanoma tumor antigen gp100, which is expressed by murine B16 melanomas [31] and GL261 gliomas [38] . Adoptive transfer of Pmel-1 CD8 + T cells alone into lymphodepleted C57BL/6 mice has no impact on the growth of established subcutaneous B16 tumors. Regression of established B16 occurs only when the adoptive transfer is complemented by vaccination with recombinant viral vectors expressing human gp100 or syngeneic DC pulsed with the human gp100 [25] [26] [27] [28] [29] [30] [31] [32] [33] (hgp100 [25] [26] [27] [28] [29] [30] [31] [32] [33] peptide, followed by systemic administration of high doses of IL-2 or IL-15 as sources of helper cytokines [1, 14, 15, 31, 32, 51] .
Recent advances in sensitive in vivo imaging technologies now permit the serial, non-invasive visualization of T cell responses in murine models without disrupting the physiological process. PET and bioluminescent imaging have emerged recently as new strategies to longitudinally visualize the in vivo distribution and tumor targeting of immune cells transduced to express reporter genes. Our group and others have demonstrated the feasibility of both BLI and micro PET-based in vivo imaging approaches to monitor anti-tumor immunity [2, 8, 11, 23-25, 33, 40, 46-48] . In this study, we adapted BLI to allow us to test our hypothesis that T cells speciWc for endogenous melanoma antigens can localize into brain tumors and exert an antitumor eVect. Although it has been previously demonstrated that T cells can target brain tumors [12, 16, 18-20, 26, 27, 29, 30, 34, 38, 39, 44, 45, 50, 52-54] , little is known about the traYcking of T cells that are speciWc for endogenous TAA to these sites. Furthermore, the accumulation of lymphoid cells within the cervical lymph nodes has been associated with CNS immunity [7, 13, 22, 30, 45] ; however, our studies have extended these data by deWning an in vivo traYcking pattern of tumor-speciWc T cells targeting brain tumors. These studies provide direct evidence that T cells can attack endogenous TAA on brain tumors in syngeneic, immunocompetent mice, in large part due to our ability to serially monitor the traYcking of self-tumor antigenspeciWc CD8 + T cells.
Materials and methods

Animals and cell lines
Breeding pairs of Pmel-1 TCR transgenic mice were a kind gift from Dr. Nicholas Restifo (Surgery Branch, National Cancer Institute). All mice were bred and kept under deWnedXora pathogen-free conditions at the AALAC-approved Animal Facility of the Division of Experimental Radiation Oncology at UCLA. Mice were handled in accordance with the UCLA animal care policy and approved animal protocols. The B16 murine melanoma cell line was obtained from the ATCC (Rockville, MD, USA) and maintained in DMEM with 10% fetal calf serum (FCS, Gemini Products, Calabasas, CA, USA), 1% (all percentages represent v/v) penicillin, streptomycin. B16 cells stably expressing WreXy luciferase (B16-Fluc) were created as described elsewhere [6] .
Bone marrow-derived DC
The development of DC from murine bone marrow (BM) progenitor cells was performed as previously published [38, 39, 42, 43] . BM cells were cultured overnight in RPMI 1640 (Life Technologies, Gaithersburg, MD, USA) with 10% FCS, 1% penicillin, streptomycin, and amphotericin (Complete medium, CM) in a Petri dish. Nonadherent cells were replated on day 1 at 2-3 £ 10 6 cells/well in 24-well plates with murine interleukin-4 (IL4 500 U/ml, R&D Systems, Minneapolis, MN, USA) and murine granulocytemacrophage colony stimulating factor (GM-CSF 100 ng/ ml, Amgen, Thousand Oaks, CA, USA). On day 4, 80-90% of the media was removed and adherent cells were re-fed with an addition of 1 ml per well of CM plus cytokines. DC were harvested as the loosely adherent cells from the day-8 cultures. DC were resuspended at 2-5 £ 10 6 cells/ml in serum-free RPMI and pulsed with human gp100 [25] [26] [27] [28] [29] [30] [31] [32] [33] peptide at a concentration of 10 M in serum-free media for 90 min at room temperature. After three washes in PBS, hgp100 [25] [26] [27] [28] [29] [30] [31] [32] [33] peptide pulsed DC (hgp100 [25] [26] [27] [28] [29] [30] [31] [32] [33] /DC) were immediately prepared for injection in 0.2 ml of PBS per mouse. Injections were given s.c. at four sites on the back.
Retrovirus production
The retroviral vector pMSCV [17] , containing a 5ЈLTR-driven thermostable variant of WreXy luciferase (tsFL [41] ) fused with super enhanced yellow Xuorescent protein (seYFP), was used to generate high-titer helper-free retrovirus stocks prepared by transient cotransfection of 293T cells.
In vitro activation of Pmel-1 T cells and retroviral transduction Lymph nodes and/or spleens were harvested from Pmel-1 mice and cultured with human IL-2 (100 U/ml, Novartis Institute for Biomedical Research, Emeryville, CA, USA), IL-15 (10 ng/ml, Amgen), and hgp100 [25] [26] [27] [28] [29] [30] [31] [32] [33] peptide (1 g/ ml, Biosynthesis, Inc., Lewisville, TX, USA). After 48 h and 72 h, the cells were infected with MSCV-tsFL-YFP retrovirus [»10 multiplicity of infection (MOI)] and 2 g/ml of lipofectamine under spin conditions (1,800 rpm, 120 min, 32°C, Beckman CS-6R centrifuge) and then incubated overnight at 37°C. Cell lysates were prepared and in vitro luciferase activity(relative light units) was assessed with a luminometer after the addition of the D-luciferin substrate.
Smaller, parallel cultures were also infected with MSCsr39tk-YFP retrovirus (»10 MOI) to estimate infection eYciency by FACS (see Supplementary Figure 1B plemented DMEM, trypsinzed with 0.05% Trypsin-EDTA (Gibco, Gaithersburg, MD, USA), live cells enumerated using a hemacytometer with trypan blue exclusion, and then washed three times in Dulbecco's phosphate-buVered saline (dPBS, Gibco). For the i.c. implantation of tumor cells, animals were Wrst anesthetized with ketamine/xylazine. The head was shaved and the skull exposed. Thereafter, the animal was positioned into a stereotactic frame (David Kopf) with small animal earbars. A burr hole was made using a Dremel drill approximately 1.5 mm lateral and 1 mm posterior from the intersection of the coronal and sagittal sutures (bregma). Cells were injected using a Hamilton syringe at a depth of 3 mm in a volume of 2 l. One day prior to Pmel-1 adoptive transfer (day-1), lymphopenia was induced by a nonmyeloablative dose (500 cGy) of TBI.
On the next day (day 0), groups of mice were randomized into two groups: one receiving adoptive transfer of 2-5 £ 10 6 transduced pmel-1 cells alone and another group that received Pmel-1 cells plus hgp100 [25] [26] [27] [28] [29] [30] [31] [32] [33] -peptide pulsed DC and human IL-2 [(Novartis), 5 £ 10 5 IU i.p. for 3 days after each DC administration]. In some survival studies, i.c. tumor progression was estimated by BLI of i.c. B16-Fluc tumors, as previously demonstrated [34, 35] .
FACS analysis of adoptively transferred cells
Spleens, cervical lymph nodes, bone marrow and CNS tumor inWltrating lymphocytes (TIL) were harvested from CNS tumor-bearing mice that received either Pmel-1 AT or Pmel-1 AT followed by hgp100 [25] [26] [27] [28] [29] [30] [31] [32] [33] /DC and systemic IL-2. CNS tumors were dissected from the brains of treated mice, weighed, minced and subsequently incubated at 37° for 1-2 h in media containing DNase (0.1 mg/ml, Sigma-Aldrich, St. Louis, MO), collagenase D (1 mg/ml, Roche Applied Sciences, Indianapolis, IN). Single-ell suspensions were prepared in PBS by Wltering through a mesh cell strainer. Red blood cells were lysed with 1£ PharmLyse (Pharmingen, San Diego, CA, USA), and cells were washed, resuspended in RPMI/10% FBS, and counted. One million lymphocytes were then labeled with Xuorochrome-labeled monoclonal antibody cocktails to CD3 PerCP , CD8 PE (CalTag), TCRV 13 FITC (all from Pharmingen if not otherwise stated) and H2-D b :hgp100 25-33 APC -labeled tetramers (Coulter Immunomics). Cells were labeled for 30 min on ice in the dark. The cells were then washed twice, Wxed and analyzed. Stained cells were collected and analyzed on a FACSCalibur machine, using CellQuest software, and numbers/percentages of T cell populations are reported.
In vivo bioluminescent imaging
In vivo BLI was performed on tumor-bearing mice for either i.c. B16-Fluc or WreXy luciferase transduced-Pmel-1 T cell traYcking. Prior to imaging, mice were anesthetized with a cocktail of ketamine:xylazine (4:1) in PBS, injected intraperitoneally with 100 l of 30 mg/ml of the luciferase substrate, D-Luciferin (Xenogen Corp., Alameda, CA, USA) in PBS. Mice were shaved to minimize the amount of light absorbed by black fur. A cooled charge coupled device (CCD) camera apparatus (IVIS, from Xenogen Corp.) was used to detect photon emission from tumorbearing mice with an acquisition time of 2-3 min. Analyses of the images were performed as described previously [6] using Living Image software (Xenogen) and Igor Image analysis software (Wave Metrics, Lake Oswego, OR, USA) by drawing regions of interest over the region and obtaining maximum values in photons/s/cm 2 /steradian or total Xux values in photons/s.
Immunohistochemistry
Immunohistochemical staining was performed as described previously [34] [35] [36] 39] . BrieXy, spleen, cervical lymph node and tumor tissues were immersed in formalin-free zinc Wxative (BD Biosciences) and paraYn-embedded. 5-10 m sections were cut on a microtome (Zeiss) and deparaVinized in xylene prior to staining. Alternatively, tissues were immersed in OCT and snap frozen in isopentane cooled by dry ice. 20 m sections were cut on a cryostat (Zeiss), Wxed in ice-cold acetone, and endogenous peroxidase activity eliminated with 0.3% H 2 O 2 /PBS before staining. Sections were then incubated with primary antibodies to CD3 (500A2, BD Pharmingen, San Diego, CA, USA), CD4 (RM4-5, BD Pharmingen), CD8 (53-6.7, BD Biosciences) and/or a biotinylated CD90.1 (Thy1.1, HIS51 clone, eBioscience). The primary mAb incubation step was followed by a biotinylated secondary mAb (Vector Labs, Burlingame, CA, USA) and developed with a DAB substrate kit (Vector Labs). Negative controls consisted of isotype matched rat or hamster IgG in lieu of the primary mAbs listed above. For Thy1.1 staining, the biotinylated primary mAb was incubated on the sections followed by a streptavidin-HRP step (ABC, Vector Labs), omitting the secondary mAb incubation.
Statistical analysis
All error bars represent standard error of the mean. Continuous variables were compared using a paired Student's ttest. SigniWcant diVerences in BLI data were obtained using the Analysis of Variance (ANOVA) Repeated Measures function for groups of mice over the same experimental time course or via paired T tests between diVerent groups at individual timepoints. The survival curves were determined using the Kaplan-Meier method. The log-rank test was used to compare curves between study and control groups.
P-values are two-tailed, and P < 0.05 was considered statistically signiWcant. Graphs were constructed using Sigma Plot (Systat Software, Richmond, CA, USA) and statistical functions were analyzed using Systat 11 software.
Results
Adoptive transfer of hgp100 [25] [26] [27] [28] [29] [30] [31] [32] [33] -speciWc CD8 + T cells, hgp100 [25] [26] [27] [28] [29] [30] [31] [32] [33] peptide pulsed dendritic cell vaccination and IL-2 prolongs survival in mice with established CNS tumors
In an eVort to model a clinically relevant CNS tumor model, we treated 7-day established i.c. tumors (B16-F10 melanoma or GL261 glioma) with a combinatory immunotherapy regimen consisting of an adoptive transfer of Pmel-1 gp100-speciWc CD8 + T cells, hgp100 [25] [26] [27] [28] [29] [30] [31] [32] [33] peptide-pulsed DC vaccination and systemic IL-2. Recipient mice underwent lymphodepleting total body radiation (TBI, 500 cGy) to facilitate the in vivo expansion of the adoptively transferred T cells. This adoptive transfer regimen has previously been shown to eVectively eradicate subcutaneous B16 melanomas [31] , but has not been demonstrated for tumors located in immune privileged sites such as the brain or for other neural crest-derived tumors (such as glioma). In studies conducted with more than 100 mice in Wve replicate independent experiments, our results demonstrated that we could induce signiWcant increases in survival with this immunotherapy regimen in mice bearing 7-day established i.c. B16-F10 melanomas and orthotopic GL261 primary gliomas (Fig. 1a, b) .
Since i.c. tumor growth cannot be monitored with calipers, we utilized in vivo BLI of B16-F10 melanoma cells transduced to express WreXy luciferase (B16-Fluc) to monitor CNS tumor progression in our treated mice. We have previously demonstrated that B16-Fluc cells grow similarly in vitro and in vivo [6] , and this BLI technology is able to non-invasively detect diVerent rates of i.c. tumor growth between groups of mice [21, 34, 35] . BLI of i.c. B16-Fluc tumor progression in groups of mice at 14 days postimplantation (7 days post-immunotherapy) demonstrated greater i.c. tumor progression in control groups of mice receiving TBI only, TBI with Pmel AT alone or TBI with Pmel AT and hgp100 [25] [26] [27] [28] [29] [30] [31] [32] [33] /DC vaccination when compared to mice treated with the full treatment regimen consisting of Pmel T cell AT, hgp100 [25] [26] [27] [28] [29] [30] [31] [32] [33] /DC and systemic IL-2 ( Fig. 1c  and data not shown) . In an interesting, but not altogether unexpected Wnding, we observed dramatic regional autoimmune vitiligo occurring around the head and neck in mice, given the full treatment regimen (Fig. 1d) . This pattern of regional vitiligo was selectively seen only in i.c. tumorbearing mice and was frequently associated with signiWcant extension of survival. These results suggest that adoptively transferred, self-tumor antigen-speciWc CD8 + T cells can mediate anti-tumor immunity to tumors located in the brain.
Genetically labeled Pmel-1 T cells can home to tumors located in the brain Although conventional assays can give important information concerning where gp100-speciWc CD8 + T cells are found at discrete timepoints, the ability to serially monitor the traYcking of such T cells over time would allow us to better understand where these adoptively transferred cells migrate to in real time. To accomplish this, we transduced Pmel-1 T cells with retroviral constructs encoding WreXy luciferase so that the traYcking of these cells could be monitored with BLI. The transduction eYciency of these cells was conWrmed by FACS analysis of yellow Xuorescent protein (YFP) expression in parallel Pmel-1 restimulation cultures and ex vivo luciferase assays (Supplementary Figure 1) . These experiments suggested that our transduction eYciency was routinely between 30 and 80%. Transduced Pmel-1 T cells were then adoptively transferred into irradiated mice with established 7-day established CNS tumors and imaged by BLI thereafter. In addition, groups of mice that were adoptively transferred with transduced Pmel-1 T cells were either given the full treatment regimen of T cell adoptive transfer, hgp100 [25] [26] [27] [28] [29] [30] [31] [32] [33] /DC vaccination and IL-2 or T cell adoptive transfer alone as control. In this fashion, the expansion and traYcking of Pmel-1 T cells could be imaged and compared in mice that received a partial therapeutic regimen compared with mice that received the full tripartite treatment regimen that provided a survival advantage. As demonstrated in Fig. 2 , BLI could readily discriminate between mice that had received an adoptive transfer of transduced Pmel-1 T cells alone and mice that received the full treatment regimen. In mice that received the full tripartite combination treatment regimen, T cells initially accumulated in the cervical lymph nodes, abdomen, and spleen at day 1, followed by the accumulation in the lymph nodes draining the dendritic cell vaccination sites (Fig. 2) . By 3 days post-T-cell adoptive transfer, there was a signiWcant increase in the expansion and accumulation of transduced Pmel-1 T cells found in the cervical lymph nodes (white arrows), spleen and CNS tumor sites (yellow arrows) in mice given the full treatment regimen + T cells, hgp100 peptide-pulsed DC vaccination and IL-2. a Kaplan-Meier survival curves of 7-day established i.c. B16 melanoma treatment. Groups of mice were initially implanted with 1 £ 10 3 B16 melanoma cells into the brain at day 0, subjected to a non-myeloablative, but lymphodepleting dose of 500 cGy TBI at day 6, followed by the adoptive transfer of Pmel-1 T cells § hgp100 [25] [26] [27] [28] [29] [30] [31] [32] [33] /DC and systemic IL-2. Control mice were given TBI alone, hgp100 [25] [26] [27] [28] [29] [30] [31] [32] [33] (Fig. 2a) . The diVerence in expansion of Pmel-1 T cells between the groups was also quantitated in parallel experiments by FACS analysis (Fig. 4) . BLI further demonstrated that Pmel-1 T cells traYcked through the bone marrow (green arrows) and multiple other sites in the abdomen, most likely mesenteric lymph nodes. It is interesting to note that BLI allowed us to detect Pmel-1 cells traYcking to the sites of hgp100 [25] [26] [27] [28] [29] [30] [31] [32] [33] /DC vaccination (Fig. 2a, red arrows) . In contrast to the mice that only received TBI and transduced Pmel-1 T cell adoptive transfer, mice that received the full tripartite treatment regimen had dramatically enhanced bioluminescent signal of Pmel-1 T cell traYcking and signiWcantly increased cell numbers (Figs. 2b, 4) .
The full treatment mice additionally demonstrated enhanced persistence of the imaging signal, out past 2 weeks post-adoptive transfer, compared with the control treatment group. We conWrmed that the imaging signals truly represented the anatomical sites we had suspected by harvesting the brains, spleens and cervical lymph nodes of representative mice and performed ex vivo BLI (Fig. 3) . Thus, our ability to serially image the traYcking of self-antigen-speciWc T cell traYcking in mice harboring CNS tumors has greatly enhanced our understanding of where properly activated, anti-tumor T cells migrate to and persist in real time.
Pmel-1 T cell adoptive transfer, g100 [25] [26] [27] [28] [29] [30] [31] [32] [33] /DC vaccination and systemic IL-2 treatment results in enhanced i.c. tumor inWltration To conWrm the distribution and tumor targeting of adoptively transferred Pmel-1 cells detected by BLI, recipient mice were killed at diVerent time points; spleen, lymph node, bone marrow cells and i.c. tumor-associated lymphocytes (TIL) were isolated and stained ex vivo with antibodies to TCRV 13 , CD3, CD8 and H-2D b tetramers loaded with hgp100 [25] [26] [27] [28] [29] [30] [31] [32] [33] . The full treatment regimen, consisting of Pmel-1 adoptive transfer, hgp100 [25] [26] [27] [28] [29] [30] [31] [32] [33] peptide-pulsed DC vaccination and systemic IL-2, resulted in a signiWcant increase in gp100 [25] [26] [27] [28] [29] [30] [31] [32] [33] -speciWc CD8 + T cells in the spleen, lymph nodes and i.c. tumors compared with mice who received Pmel-1 T cell adoptive transfer alone or hgp100 [25] [26] [27] [28] [29] [30] [31] [32] [33] /DC vaccination alone (Fig. 4 and data not  shown) . These data conWrm that proper environment and activation of self-tumor antigen-speciWc T cells can elicit dramatic tumor antigen-speciWc T cell inWltration of CNS tumors.
To conWrm the in situ traYcking of these Pmel-1, gp100-speciWc CD8 + T cells into the regional lymphoid system and brain tumors, we used immunohistochemistry to stain for CD3, CD4, CD8 and Thy1.1. Thy1.1 is a congenic marker expressed on the adoptively transferred Pmel-1 T cells, but not on the host, Thy1.2 + C57BL/6 cells. Representative pictures from these studies are shown in Fig. 3 , conWrming the presence of the adoptively transferred, Thy1.1 + , CD3 + and CD8 + cells in the spleen, cervical lymph nodes and i.c. tumor. Interestingly, CD4 + cells were additionally observed within the tumor parenchyma in mice that received the full treatment regimen (Fig. 3) . These results conWrm our BLI Wndings that gp100 [25] [26] [27] [28] [29] [30] [31] [32] [33] -speciWc CD8 + T cells traYc through lymphoid organs and accumulate in CNS tumors.
Discussion
The studies outlined in this report establish a migration pattern that tumor-speciWc T cells adopt for tumors growing in the brain. Real-time in vivo imaging permitted us to dynamically visualize where tumor-speciWc CD8 + T cells were activated and where they subsequently migrated to, before and after homing to the CNS tumor. These imaging analyses were validated by standard ex vivo assays to document the utility of this in vivo imaging approach. Our results demonstrate that the adoptively transferred CD8 + T cells initially home to the cervical lymph nodes and spleen. It is possible that the cervical lymph nodes provide an early source of antigen for restimulation because these lymph nodes are thought to provide drainage from the brain, as well as a source of cross-presenting antigen presenting cells [4, 5, 7, 22] . By day 3 post-adoptive transfer, these T cells proliferated extensively and accumulated in lymph nodes draining the hgp100 [25] [26] [27] [28] [29] [30] [31] [32] [33] /DC vaccination sites, the spleen, the i.c. tumor, with some retention in the bone marrow. Following a second hgp100 [25] [26] [27] [28] [29] [30] [31] [32] [33] /DC vaccination, signiWcant accumulation of tumor-speciWc T cells occurred in the bone marrow, as well as circulation through the cervical and other lymph nodes, spleen and CNS tumor. The bone marrow has previously been demonstrated to be a preferential homing and proliferative site for memory T cells [3, 28] . As such, the bone marrow may provide an important reservoir of circulating memory T cells that can continually recirculate and replenish the supply of activated, tumor-speciWc CD8 + T cells homing to brain tumors. Ongoing experiments in our laboratories are currently testing the fundamental requirements of where tumor-speciWc CD8 + T cells must home for eVective anti-tumor immunity within the CNS.
We recently demonstrated that both murine and human gliomas express immunologically relevant levels of many melanoma-associated antigens [38] . However, the regulation of self-tumor antigen-speciWc T cell traYcking to tumors within the CNS is currently not well understood. Previous studies have shown that clinically relevant anti-tumor immune responses directed towards i.c. tumors are accompanied by increased numbers of CD4 + and CD8 + T cells at the tumor site [4, 26, 29, 34, 39, 53, 54] and selective expression of integrin homing phenotypes [5, 45] . However, the monitoring of immune responses to CNS tumors is currently based on ex vivo assays (e.g., MHC tetramer and ELISPOT assays, immunohistochemistry), all of which necessitate the killing of groups of mice at multiple timepoints. Furthermore, their use as surrogate endpoints for the clinical development of immunotherapy strategies in brain tumor patients does not take into account the dynamic evolution of the T cell responses. To further improve cell-based cancer immunotherapy protocols, we believe that it is essential to complement existing immune monitoring approaches with non-invasive biomedical imaging techniques capable of monitoring the persistence and traYcking of transferred T cells at a whole body level.
Our results provide important Wndings concerning the in vivo traYcking of tumor-speciWc CD8 + T cells for eVective anti-tumor immunity to tumors within the CNS. Our Wndings extend our belief that CNS draining lymph nodes (e.g., cervical lymph nodes) are important for brain tumor immunity. These results also demonstrate that serial, in vivo imaging studies can impart real-time information for tumor-speciWc T cell traYcking that may be able to supplant the traditional ex vivo staining methodology in future. We believe that this documentation of anti-tumor activity and extended survival, coupled with dynamic, real-time imaging of T cell traYcking, provides new insights into the critical parameters necessary to elicit eVective anti-tumor immunity against CNS tumors.
